The self assembly in aqueous solution of a modified amyloid beta peptide fragment is studied. We focus on sequence , KLVFF, extended by two alanines at the N terminus to give AAKLVFF. Self-assembly into twisted ribbon fibrils is observed, as confirmed by transmission electron microscopy (TEM). Dynamic light scattering reveals the semi-flexible nature of the AAKLVFF fibrils, while polarized optical microscopy shows that the peptide fibrils crystallize after an aqueous solution of AAKLVFF is matured over 5 days.
Introduction
The formation of fibrils by peptides or proteins under appropriate solution conditions is relevant to amyloid diseases such as Alzheimer's [1] . Understanding the process of peptide fibrillisation in terms of peptide structure and intermolecular interactions is therefore of great interest. Fibrils are commonly based on hydrogenbonded β-sheet, and the precise details of β−strand packing will depend on noncovalent forces including aromatic π − π * stacking interactions, hydrophobic interactions and electrostatic interactions.
We have recently been investigating the self-assembly of peptides based on a core sequence of the amyloid β peptide. The amyloid β peptide is important in Alzheimer's, a so-called amyloid disease and is cleaved in vivo from a larger precursor protein to form fragments with predominantly 40 or 42 residues [1] [2] [3] . We have focussed on sequence KLVFF, corresponding to Aβ (16) (17) (18) (19) (20) . This core sequence of the amyloid β peptide is believed to be critical in aggregation of Aβ into fibrils, as reviewed elsewhere [1] . We have examined its self-assembly in aqueous solution [4] . due to controversy as to whether it forms β-sheet fibrils or not. We find clear evidence from in situ cryo-TEM (transmission electron microscopy) and smallangle x-ray scattering experiments that it does fibrillise and FTIR spectroscopy and fibre x-ray diffraction confirm β-sheet structure (we discuss in detail the effects of drying during sample preparation) [4] . This sample also forms hydrogels in more concentrated solution [4] .
We have prepared variants of KLVFF extended at the N-terminus with additional hydrophobic residues with the aim to investigate the role of hydrophobic and aromatic interactions on peptide self-assembly. In particular, we have examined the fibrillisation of FFKLVFF in methanol (the peptide is too hydrophobic to dissolve in water) and found evidence for β-sheet self-assembly [5] . We propose that this is
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4 driven in large part by aromatic interactions between F residues, as confirmed by UV (ultraviolet) and CD (circular dichroism) spectroscopy.
A sample with non-aromatic residues at one terminus, AAKLVFF, was also prepared [6] . This has solubility in both aqueous and non-aqueous solvents. The self assembly of AAKLVFF in methanol is reported elsewhere [6] . We show that when dissolved in methanol, AAKLVFF self-assembles into nanotubes, which can form a nematic phase at sufficiently high concentration [6] . The present paper presents a comprehensive study on the self-assembly of AAKLVFF in aqueous solution. Our studies reveal that the peptide self assembles into very well ordered fibrils in water.
The structure of the AAKLVFF fibrils was studied by transmission electron microscopy (TEM) and dynamic light scattering (DLS). Polarized optical microscopy (POM) was used to quantify the ageing behaviour of the fbrils. The secondary structure of the peptide fibres was studied by Fourier transform infrared (FT-IR), circular dichroism (CD) and X-ray diffraction (XRD).
Experimental Section
Materials. AAKLVFF was custom synthesized by C.S. Bio Company (USA) and was used as received, without further purification. Scheme 1 shows the chemical structure of AAKLVFF. Solutions were made using amounts of peptide and Millipore filtered water. The solutions were mixed using a magnetic stirrer for 1 hour and left to rest for the following two hours. Experiments were performed within 12 hrs of sample preparation, with the exception of the POM experiment, which was performed after 5 days of sample preparation (to allow for the ageing of the solution).
TEM. Experiments were performed using a Philips CM20 transmission electron microscope operated at 80kV while HR-TEM was done using a JEOL microscope operated at 100 kV. Droplets of the peptide solution (1 wt % AAKLVFF) was placed DLS experiments measured the intensity correlation function:
where
is the scattering vector (λ= vacuum wavelength of the radiation and n= refractive index of the medium) and I(q,t) is the intensity scattered by the sample at time t in the course of an experiment of duration τ.
The measured intensity correlation function is related to the field correlation function, g (1) (q,t), by the Siegert relationship: [7] 2 ) 1 (
where A is an experimental constant proportional to the ratio between the coherence area and the detector area, which takes the value 0.5 for our experimental setup.
POM.
Images were obtained with an Olympus BX41 polarized microscope by placing the sample between crossed polarizers. Samples were placed between a glass slide and a coverslip before capturing the images with a Canon G2 digital camera. .
XRD. X-ray diffraction was performed on stalks prepared by drying filaments of the
peptide. An aqueous solution of the peptide (1 wt %) was suspended in between the ends of wax-coated capillaries and dried. The stalks were mounted (vertically) onto the four axis goniometer of a RAXIS IV++ x-ray diffractometer (Rigaku) equipped with a rotating anode generator. The XRD data was collected using a Saturn 992 CCD camera.
Results and Discussion
The self-assembled morphology of AAKLVFF in water was studied by TEM and HR-TEM and DLS. The time evolution of fibrillar aggregates was studied by POM. In a second stage, the secondary structure of AAKLVFF fibrils was assessed using CD, FTIR and XRD. The presentation of our results starts with the discussion of the results concerning the fibrillar structure, followed by the spectroscopy results on the study of the secondary structure.
Self-organisation of AAKLVFF
Solutions containing 1 wt % AAKLVFF were studied by TEM and HR-TEM. TEM and HR TEM did not provide a definite value for the fibril length. However, it was possible to determine that 1 wt % AAKLVFF solutions might contain fibrils longer than 5000 nm.
DLS experiments were undertaken in order to evaluate the flexibility of AAKLVFF fibrils in solution. Figure 2 shows the intensity correlation functions measured at 90 o for 1 and 0.5 wt % AAKLVFF. DLS experiments were initially done on 1 wt % AAKLVFF samples, but these samples gave evidence not only of fibril formation but also of the onset of gelation. Indeed, the broad peak measured in the intensity correlation function for longer diffusion times indicates non-ergodic dynamics ( Figure 2 ). In order to inhibit gelation effects, the sample was diluted to 0.5 wt % AAKLVFF, which resulted in the suppression of the 'gelation' peak, as can be observed in Figure 2 .
DLS has already been used to study the formation of amyloid fibres from many peptides and fibrils, such as β-lactoglobulin [8] [9] [10] . The field correlation function corresponding to a solution of protein fibres with several tens of nanometers in length presents a single exponential behaviour, corresponding to a single relaxation mode with a well-defined hydrodynamic radius. We found that it was necessary to account for a distribution of relaxation times in analysing DLS data from AAKLVFF. A
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8 stretched exponential function to model g (1) (q,t) allows for a spectrum of relaxation times resulting from the internal modes of the fibres:
where τ β is a characteristic decay time of the system, A i are the relative scattering amplitudes of the system ( ∑ = peptide fragments [2, 11, 12] . Here, we have used the alternative, Eq.3. DLS curves measured in the interval 50 ≤ θ ≤ 150 o were used to calculate the corresponding g (1) (q,t) (Equation 2). The resulting field correlation function was then fitted to Equation 3. The parameter β   was fixed to 0.75 for all the fittings which is the value expected for a system of semiflexible polymers (β = 3/4) [13] . The partially hydrated AAKLVFF precipitate of the 1 wt % peptide matured sample was studied by POM. Figure 4a shows a POM image obtained for the
10 precipitate placed between a glass slide and a coverslip, at time t= 0 s. Figure 4b shows a photograph of the same area taken at t= 4 s, after the spontaneous process of drying the partially hydrated precipitate under the coverslip has started. A qualitative evaluation of the results in Figure 4 reveals that the incubation of AAKLVFF in water gives rise to needle-shape crystals with an average length of (41.2 ± 9.4) μm and an average width of (2.4 ± 0.8) μm. These are much larger than the dimensions of the fibrous crystals observed for KFFEAAAKKFFE, suggesting a higher crystallization propensity in AAKLVFF. It is probable that the change in configuration between Figure 4a and Figure 4b results from further crystallization upon drying.
Secondary Structure of AAKLVFF fibrils
The secondary structure of the AAKLVFF fibres observed in a 1 wt % peptide solution, was studied for dried films, using FT-IR in transmission and grazing incidence modes. The FT-IR spectra in transmission and grazing incidence mode The orientation of the sample surface is perpendicular to the incident IR beam for the transmission FT-IR experiments, while for grazing incidence FT-IR experiments the beam is almost parallel to the surface of the sample. As already pointed out by Hartgerink and co-workers [15] peptide fibrils with a large length to diameter radius will lie flat when deposited as a dry film onto a solid surface. This hypothesis applies to AAKLVFF fibrils, which present a large length to diameter
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11 radius (according to TEM length/radius> 5000 nm/30 nm). Therefore, a change in the angle between the IR beam and the sample surface is equivalent to a change in the angle between the IR beam and the amide bond. Figure 5 shows that both the grazing incidence and transmission FT-IR data present absorbance peaks at similar wavenumbers but with different intensity.
FT-IR spectra in the amide I band are sensitive to secondary structure ( Figure   5a ). The peaks at 1693 and 1628 cm -1 , in the amide I band, are associated with a β-sheet structure [16, 17] . In particular, the strong amide I band at 1628 cm -1 in combination with the weaker amide I band at 1693 cm -1 obtained for the transmission FT-IR, suggests an antiparallel β-sheet conformation of the peptide chains [16] [17] [18] .
The peak at 1453 cm -1 is associated with the amide II band, [17, 19] while the peak at 1533 cm -1 is associated with the N-H in-plane bending or C-N stretching modes. [20] Additional FT-IR peaks were located in the amide A band at 3278 cm -1 and amide B band at 3083 cm -1 (Figure 5b ). An absorption peak at 3030 cm -1 was due to the stretching vibration from the benzene rings. A peak at 2959 cm -1 was due to the CH 3 vibration. A peak at 2930 cm -1 was assigned to the CH 2 asymmetric stretching bands while a peak at 2869 cm -1 was due to the CH 3 symmetric stretching bands.
Figure 5a provides evidence of β-sheet structure in the AAKLVFF fibrils. The results in Figure 5a show that the amide I band is attenuated and the amide II band is enhanced in the grazing incidence experiment. Hartgerink and co-workers [15] show that this occurs when the IR laser beam is oriented parallel to the C=O bonds.
These are oriented along the fibril axis. This alone does not enable twisted fibrils to be differentiated from untwisted ones, however the TEM clearly shows the twisted structure.
In a previous work we showed that AAKLVFF self assembles in methanol into nanotubes. It was suggested that the walls of the nanotubes arise from the helical wrapping of AAKLVFF β-sheets [6] . The fibril model for AAKLVFF in water (represented by β-strands twisted around a common axis) is consistent with that previously proposed by us for the structure of AAKLVFF nanotubes in methanol [6] , but here the β-sheets do not close into nanotubes, possibly due to unfavourable interactions between ribbon edges. Both models for the AAKLVFFF nanotube or fibril follow the geometrical relationships for winding of a tape into a helical ribbon developed by Chung et al. [21] . The tendency for the β-sheets to twist into ribbons [22] results from the interfacial curvature with its origin in the packing of side chains with different effective volumes (eg. aromatic vs. non-aromatic residues).
SAXS shows AAKLVFF nanotubes in methanol have a diameter of (72±8) nm [6] , which is similar to the (63±18) nm diameter measured in this work using HR-TEM for the AAKLVFF fibrils in water (when dried TEM suggested that the AAKLVFF nanotubes unwrap to give 130 nm wide sheets). This suggests that the nanotubes are "fully wrapped" ribbons, as suggested in our original work. The formation of closed nanotubes may result from changes in solution permittivity in methanol compared to water. This may modulate the electrostatic interactions between ribbon edges resulting from the charged peptide termini and lysine residue, that may lead to closed nanotube formation. It may be noted that the β-sheet width may also differ in methanol compared to water due to different H-bond strengths.
CD experiments were undertaken on a 1 wt % AAKLVFF solution and on a dried film obtained from a 1 wt % AAKLVFF solution, to provide additional information on the secondary structure of the fibril. Figure 6 shows the CD spectra obtained for the AAKLVFF solution and dried film. The spectrum for the dried film is dominated by a negative maximum at 217 nm, which denotes a β-sheet structure [23] . In contrast, the CD spectrum for the solution contains a red-shifted negative maximum at 228 nm and a positive band at 209 nm. Such spectra are often ascribed to β-turn structures [23] [24] [25] , however it seems unlikely that a very short peptide like AAKLVFF could
13 adopt such a structure, considering in particular the unit cell obtained from x-ray diffraction (vide infra). We can alternatively interpret the CD spectrum from the solution on the basis that the positive maximum due to n -π* aromatic stacking interactions between phenylalanine residues in solution [4, 5] causes a red-shift of the negative maximum at 217 nm due to β-sheet structure.
XRD was used to provide further evidence of amyloid fibril formation and to gain an insight into their secondary structure. Dried stalks of peptide were prepared by drying a thread of 1 wt % AAKLVFF solution between the ends of two waxed capillaries. The sample was partially aligned by stretching the thread before the drying process started, and the resulting XRD pattern ( Figure 7 ) shows a well-defined "cross-β" pattern 1 with, unusually for amyloid fibrils, multiple orders of reflection. This facilitates determination of the unit cell, which was performed using the software CLEARER [14] . The results provided an orthorhombic unit cell, with unit axis a= 9.6 Å, b= 18.6 Å and c= 43.7 Å. The values of the observed and calculated reflections corresponding to the indexation of the XRD pattern in Figure 7 , is shown in Table 1 According to XRD results, the thickness of two β-sheets of AAKLVFF is ~18.6
Å. TEM and HR-TEM show that the average width of an AAKLVFF fibril is (63±18) nm, and that each fibre is made of three (21±6) nm wide protofilaments. The thickness of the ribbons is approximately ten times lower than its width (Fig.1 ). It appears that the fibrils observed in TEM are higher order aggregates of tape-like protofilaments, containing multiple repeats of the unit cell b and c axes orthogonal to the fibril (a) axis. It would seem likely that the beta-sheets are arranged in a flat configuration with hydrophobic residues (especially phenylalanine) on one face and in the interior of the individual tapes and that the b axis is associated with the ribbon thickness, although this is not unambiguous.
Summary
The self assembly of AAKLVFF in water has been investigated. This study builds on our previous work on AAKLVFF in methanol solutions, for which nanotube formation is observed [6] . It is remarkable that only the substitution of the methanol by water is enough to give rise to a distinct motif, i.e. peptide fibrils. The peptide fibrils are quite clearly resolved by TEM and HR TEM, while their semi-flexible nature is revealed by DLS. FT-IR and CD show that AAKLVFF fibrils consist of tape-like β-sheets twisted around a common main axis. This model for the peptide fibre agrees with the structure of AAKLVFF nanotubes in methanol, where the β-strands are also twisted along a common main axis but giving rise to the formation of a nanotube (i.e.
with a hollow core around the common main axis) formation. FT-IR and CD results were supported by XRD data, which provided additional evidence for the packing of AAKLVFF into β-strands.
AAKLVFF forms very well defined fibrils, assembled from smaller sub-units in aqueous solution and may be a model system for further studies in amyloid fibrillisation. 
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